Over the last decade we have learned that most, if not atl, cellular behaviors are influenced by GTPases. Recent work on Ras-related GTPases that regulate the cytoskeleton has brought to our attention a new regulatory mechanism: multiple GTPase switches coupled directly in a cascade. In mammalian cells, a cascade of Cdc42 controlling Rac controlling Rho coordinates the actin cytoskeleton during cell movement. In yeast cells, a related cascade of BUD1 (RSR1) controlling CDC42 and possibly RHO proteins coordinates polarization of the cytoskeleton during cell division by budding. What is the benefit of GTPase cycles so tightly linked in a cascade? Combining GTPase switches in cascades can produce regulatory circuits of sufficient sophistication to choreograph complex cellular behaviors.
In GTPase cascades, one GTPase controls the action of the next GTPase. Bifunctional linker molecules are now being discovered that directly link the actions of GTPases in these cascades. Evidence suggests that GTPase cascades are highly adaptable, with branches feeding in and out at different levels: each GTPase can be independently controlled by certain input signals, and each GTPase may produce an output independent of the activation of the other cascade members. With so many GTPases controlling different cellular processes, we anticipate that the GTPase cascade will prove to be a widespread mechanism of coordination and regulation. The Basic GTPase Switch GTPases have been found to control processes as diverse as growth control, apoptosis, translation, vesicular transport, cytoskeletal organization, and nuclear import (Boguski and McCormick, 1993) . In its simplest form, the GTPase switch has two conformations: a GTP-bound form and a GDP-bound form. In some instances, such as Ras, the GTP-bound form is active, sending a signal, while the GDP form is inactive, sending no signal. In other instances, such as ADP-ribosylation factor, cycling of a GTPase switch may govern the formation or dissolution of multisubunit protein complexes (Rothman, 1994) . For almost all Ras-related GTPase switches, the rate of conversion between the GDP-bound and GTP-bound conformations is modulated by regulators such as guanine nucletotide exchange factors (GEFs), which stimulate the replacement of GDP by GTP, and GTPase-activating proteins (GAPs), which stimulate the intrinsic GTPase activity of the GTPase. For certain GTPases, additional regulatory (Chant, 1994) . (B) The pathway that controls the formation of filopodia, lamellipodia, and stress fibers with focal adhesions (Nobes and Hall, 1995 
Linking Switches to Bud or Crawl
The GTPase cascade theme has emerged from a convergence of studies of the regulation of cytoskeleton in yeast and mammalian cells. In yeast dividing mitotically by budding, orientation of the actin cytoskeleton produces concentrated cell surface growth to form the daughter bud (Chant, 1994) . The position of bud formation on the yeast cell surface is not random but rather is controlled by the BUD1 GTPase cycle in response to a program of intracellular spatial signals. Based on genetic studies, the BUD1 GTPase is predicted to guide the action of the CDC42 GTPase, which organizes the cytoskeleton to direct growth toward one patch on the cell surface, the nascent bud (Bender and Pringle, 1989; Park et al., 1993) . Consistent with this proposal, CDC24 directly links BUD1 and CDC42 by being a binding target for BUD1 and a GEF for CDC42 (Zheng et al., 1994a (Zheng et al., , 1995 . Downstream of CDC42 may be a group of Rho GTPases (RHO1-RHO4) that act on the cytoskeleton more directly (Yamochi et al., 1994; Matsui and Toh-e, 1992) . Thus, the spatial control of budding and actin polarization involves a cascade of BUD1 controlling CDC42, which probably controls RHO proteins and, ultimately, the cytoskeleton ( Figure 1A ). Interestingly, a similar GTPase cascade is thought to control morphogenesis in fission yeast (Chang et al., 1994) . In this pathway, rasl GTPase likely modulates the activity of the fission yeast cdc42. As in budding yeast, these GTPase cycles are linked directly by a CDC24-1ike molecule, which in fission yeast is called scdl.
In the motile mammalian cell, the actin cytoskeleton controls movement by the extension of exploratory filopodia, larger extensions of lamellipodia, and attachment to the substrate for traction (Stossel, 1993) . As reported in this issue of Cell (Nobes and Hall, 1995) and in a previous issue (Ridley et al., 1992) , each of these actions can be produced in isolation by the activation of a single GTPase. Specifically, the GTP-bound form of Cdc42 promotes the formation of filopodia, RacGTP promotes extensions of lamellipodia, and RhoGTP promotes focal adhesions with actin stress fibers. In addition to these independent actions, these GTPases behave as if linked in a hierarchical cascade ( Figure 1B ). Activated Cdc42 induces filopodia, then lamellipodia, then focal adhesions and stress fibers, in this temporal order. Furthermore, the production of the later structures (lamellipodia, focal adhesions, and stress fibers) in response to Cdc42 activation is dependent upon activation of Rac and Rho--in strong support of the existence of a cascade (Nobes and Hall, 1995) . Further substantiating a linear GTPase cascade, activation of Rac produces lamellipodia, followed by focal contacts and stress fibers, and activation of Rho produces only focal adhesions and stress fibers. Thus, Cdc42, Rac, and Rho behave as a linear cascade ( Figure 1B) , with Cdc42 activating Rac activating Rho. Links between the GTPases of this cascade have not been reported, but it is entirely reasonable to postulate that linkers akin to CDC24 are involved.
Adaptability: Entraining the GTPase Cascade to Different Inputs
Evidence from yeast and mammalian cells suggests that a single GTPase cascade can be used differently under different circumstances. For instance, in fibroblasts, different extracellular signals activate the Cdc42 to Rac to Rho GTPase cascade at different points. Platelet-derived growth factor or insulin stimulate the cascade via Rac, producing the effects of Rac activation (lamellipodia) followed by Rho activation (stress fibers and focal adhesions) (Ridley et al., 1992) . Other signals, such as lysophosphatidic acid, stimulate Rho only (stress fibers and focal adhesions) (Ridley et al., 1992) . In fibroblasts, the signals that stimulate Cdc42 at the top of the cascade have not yet been described.
In the yeast life cycle, the BUD1 to CDC42 cascade can be entrained to different signals. During vegetative growth by budding, spatial cues inside the cell, such as that provided by BUD3, likely control the BUD1 to CDC42 cascade (Chant, 1994) . During mating, when a cell must polarize and grow toward the external signal of a mating partner, neither BUD3 nor BUD1 is involved (Chenevert et al., 1994) . Evidence suggests that the signal transduction machinery of mating (seven-transmembrane pheromone receptors, heterotrimeric G proteins, and perhaps downstream kinases) feed into the GTPase cascade via CDC24 to regulate CDC42 GTPase and, therefore, polarization toward a mating partner ( Figure 1A ; Chenevert et al., 1994) . Thus, in both fibroblasts and yeast cells, GTPase cascades can be regulated at various points to produce cellular behaviors dictated by external conditions.
Can the Order of GTPases Be Changed or is There Feedback in the Cascade?
In the example of filopodia to lameHipodia to focal adhesions, the links between Cdc42, Rac, and Rho have not been determined. There is a protein, called Ost, that may link these molecules in certain cell types (Horii et al., 1994) . Ost, however, does not have the properties predicted by the cascade depicted in Figure lB . Ost interacts with all three GTPases in vitro and, surprisingly, is a target of GTPbound Rac and a GEF for Rho and Cdc42 (Figure 2A ). The properties of Ost, thus, predict that Rac acts upstream of Cdc42-a reversal of Figure 1B . Although it is possible that the in vitro properties of Ost do not reflect its properties in cells, several possibilities raised by Ost merit consideration.
Are GTPase cascades flexible to the extent that the GTPase order can be rearranged through different linker proteins? Changing the order of GTPases could produce different outcomes in different tissues or at different times during the life of a cell. For example, in Drosophila, Rac and Cdc42 are involved in the extension of neuronal growth cones (Luo et al., 1994) . The morphology and functions of neurons are distinct from those of a crawling fibroblast. Changing the GTPase cascade via the substitution of linker molecules might modify a cascade sufficiently to produce a different cellular behavior.
Another possible role for linking molecules such as Ost is feedback, either positive or negative. Some linker molecules might produce positive feedback in a cascade to reinforce a signal. Combining Figure 1B and Figure 2A potentially links Cdc42 and Rac in a positive feedback loop. Such reinforcement in a living cell might be important when a cell must extend a single discrete structure such as a lamellipodium or bud from the cell surface.
In other circumstances, linker molecules might produce inhibitory feedback. Inhibitory feedback from downstream GTPases at the bottom of a cascade may halt earlier signals. For example, in a living cell, it may be that once a lamellipodium starts to form, the formation of new filopodia is temporarily inhibited. Feedback could also be used to inhibit the same cascade in other locations within the cell. For instance, in a migrating cell, extension of filopodia and lamellipodia in one direction might suppress extensions in other directions to produce net migration of the cell toward a gradient of external signal.
An Additional Variation on the Cascade: Linked GAPs
An additional link between GTPase cascades, which does not fit with the linear cascade, is provided by the RasGAPp190 RhoGAP complex (Settleman et al., 1992) . p190 RhoGAP binds RasGAP, and amazingly, p190 is itself a GTP-binding protein (Foster et al., 1994;  Figure 2B ). How the RasGAP-p190 RhoGAP complex mediates communication between Ras and Rho is not known. Several simple schemes follow. Ras bound to RasGAP might enhance the activity of p190 RhoGAP toward RhoGTP, thereby inhibiting the Rho pathway. Alternatively, Ras bound to Ras-GAP might inhibit p190 RhoGAP activity, thereby activating the Rho pathway. Of course, reversed schemes in which Rho regulates Ras can also be envisioned. Still another possibility is that regulation from some other pathway in the cell coordinately regulates the activity of both Rho and Ras by acting through the RasGAP-p190 Rho-GAP complex. GTP-binding by p190 adds an additional layer of possible regulation, not yet understood. Whatever the case, the examples of linkers CDC24, Ost, and the RasGAP-p190 RhoGAP complex suggest that mixing of GTPase-linking molecules can produce a wealth of different cascades that coordinate different cellular behaviors. Linker Mechanism: Docking or Conformational Change Leading to Activation? Several linkers between GTPase cycles have been described: CDC24, Ost, and RasGAP-p190 RhoGAP. The mechanism by which these molecules coordinate these cycles is unknown. In the example of BUD1 to CDC24 to CDC42, no effect of BUD1-GTP upon the CDC24 GEF activity toward CDC42 has been reported. Perhaps BU D1 merely serves to dock CDC24 at a particular location (Park et al., 1993) , producing a local concentration of CDC24 without any enhancement of CDC24 GEF activity by conformational change. A high local concentration of CDC24 could activate CDC42 at one site in the cell that would lead to polarization of the cytoskeleton toward this site. The same question of mechanism applies to Ost and the RasGAP-p190 complex. Ongoing work should give us a clearer view of how some of these linkers operate. What Are the GTPase Targets That Regulate the Cytoskeleton? A lively issue concerning all GTPases--Cdc42, Rac, and Rho being no exception--is the nature of the targets that they control. Some of these targets may bind the cytoskeleton directly, while others may act through additional intermediaries. For Cdc42, Rho, and Rac, at least four classes of potential targets are known. The first class is a family of serine/threonine kinases typified by PAK of mammals (Manser et al., 1994) . PAK autophosphorylation activity is induced by both Cdc42 and Rac in vitro, but, to date, no role for PAK has been demonstrated in living cells. High sequence conservation between PAK and STE20 kinase of yeast adds impetus to the notion that STE20 may be an important target of CDC42. A second candidate target is ACK, a nonreceptor tyrosine kinase that binds to Cdc42 (Manser et al., 1993) . The novelty of ACK is intriguing, but, to date, the role of ACK in cells is not known. Lipid kinases comprise a third group of potential targets. It has been reported that Cdc42 binds p85, the regulatory subunit of phosphatidylinositide 3-kinase (PI3K) and stimulates kinase activity to a modest extent (Zheng et al., 1994b) . In addition, Rho is reported to regulate the activity of Pl(4)P5-kinase; the PIP2 product may modulate the actions of actin-associated proteins profilin and gelsolin (Chong et al., 1994) . A clarification of the connection between lipid kinases, GTPases, and the cytoskeleton will be an important step in understanding how signaling controls the cytoskeleton. Finally, a molecule that directly links GTPases to actin has recently been described: Myr5 (Reinhard et al., 1995) . This protein contains both a myosin head domain for actin binding and a GAP domain for binding to Rho-related GTPases. New information about any of these potential GTPase effectors is eagerly awaited. How Is a Filopodium or a Lamellipodium Built? Finally, we come to the issue of morphological form. How does activation of Cdc42 produce a shaft-like filopodia, whereas Rac activation produces a curtain-like lamellipodium? One intriguing possibility is that the kinetics of GDP-GTP exchange and GTP hydrolysis of each GTPase defines the shape of cellular extensions. This hypothesis in its simplest form seems unlikely since the characteristic structure produced by each GTPase is preserved when constitutively active GTPases are introduced (Nobes and Hall, 1995) . The shape of cellular extensions is likely to involve the interplay of different actin-binding proteins in subprograms triggered by each GTPase. The formation of filopodia promoted by Cdc42 may involve the recruitment of proteins that cross-link actin filaments into parallel bundles, whereas the formation of lamellipodia may involve proteins that cross-link actin in a meshwork (Stossel, 1993) . Conclusion GTPase cascades as sophisticated regulatory mechanisms hold tremendous potential for choreographing cellular behavior. Already, we have glimpsed a diversity of processes controlled by the GTPases discussed in this minireview (BUD1, Cdc42, Rac, and Rho), including locomotion, bud formation, mating, extension of growth cones, cell fusion, and intimate cell coupling in the immune system (Luo et al., 1994; Stowers et al., 1995) . Cellular processes in which other GTPase cycles are closely juxtaposed include translation, protein translocation across membranes, the formation of vesicles, and trafficking in the secretory pathway (Walter and Johnson, 1994; Boguski and McCormick, 1993; Rothman, 1994) . The clear conservation of GTPase cascades controlling morphogenesis and movement begs the question: is a bud a filopodium or a lamellipodium?
